Fifty infants and 50 children less than 15 years undergoing palliative or corrective cardiac surgery in the Brompton Hospital between March and October 1988 had direct percutaneous stimulation of the phrenic nerve before and after operation. Ten patients, six under 1 year of age and four over, developed unilateral phrenic nerve injury. In those aged less than 1 year recovery after operation was prolonged because their diaphragmatic palsy made it difficult to wean them from the ventilator. Older children had symptoms but their rate of recovery did not seem to be affected by the phrenic nerve injury. Phrenic nerve damage was no more frequent after a lateral thoracotomy than after a median sternotomy. There was no significant association with the type of operation performed, the experience of the surgeon, the use of bypass or topical ice, the duration of bypass, circulatory arrest or aortic cross clamping, or the age of the patient at the time of operation. In patients who had cardiopulmonary bypass the risk of injury was significantly higher in those who had undergone previous operation. The 10% frequency of phrenic nerve injury determined in this prospective study was higher than that seen in earlier retrospective reports.
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Direct percutaneous stimulation of the phrenic nerve can be used at the bedside in infants and children to Figure 1 shows their age distribution which ranged from 1 day to 14-5 years (median age 15 months). Table 1 Figure 5 shows the relation between preoperative and postoperative phrenic nerve latencies. Phrenic nerve injury occurred on the right side in four patients and on the left in six patients. In six of the 10 patients cardiopulmonary bypass had been performed via median sternotomies. In four the operation was performed via right or left lateral thoracotomies without bypass. After a lateral thoracotomy phrenic nerve palsy occurred on the same side as the incision. All the ten patients had basal atelectasis or a raised Table 2 summarises data on the affected patients and their outcomes. All the children who required a prolonged period of ventilation were less than 1 year old, except for patient 8 who was failing to thrive and weighed 6-8 kg at the age of 2, and patient 6 who was ventilated for other reasons and in whom there was evidence of recovery of phrenic nerve function. Four of the neonates subsequently required plication of the affected diaphragm to facilitate extubation, after many attempts to wean them from ventilatory support. Because repeated electrophysiological testing could not be used to predict temporary or permanent damage (as nerve recovery is slow), plication was performed on clinical grounds. Patients 3 and 8 did not have plication but they were nursed in negative pressure tanks because various other complications precluded further operation. Four of the ten patients eventually died, three as a direct result ofrespiratory failure caused by diaphragmatic impairment while the remaining patient died from other surgical complications.
We assessed many factors in our attempt to determine associated causes of phrenic nerve injury. These included the underlying diagnosis and type of operation (bypass or nonbypass), the duration of bypass, aortic cross clamping or circulatory arrest, the temperature to which the patient was cooled, the use of topical ice, the experience of the surgeon (con- 17 18 Infants with phrenic nerve injury have an increased morbidity and mortality from the resulting diaphragmatic palsy.3 56 They require of phrenic nerve a significantly longer period of ventilation rgery was higher because of episodes of acute respiratory disin retrospective tress. This is because of major differences in the studies based on respiratory physiology in infants.'920 Contrac- tion of the diaphragm is less efficient in infants because they have a circular thorax, horizontal orientation of the ribs, and greater compliance of the rib cage. In normal breathing in adults the diaphragm stabilises the thorax during inspiration.2122 This effect is especially important in infants because they have weaker intercostal muscles. In supine adults the abdominal contents press on the diaphragm and reduce the functional residual capacity by 15%.23 This expected reduction in functional residual capacity in the supine infants is aggravated in phrenic nerve injury where the loss of the hydraulic piston effect and the raising of the flaccid diaphragm reduce the parenchymal lung volume even more. This increases atelectasis and mediastinal shift so much that both factors interfere with respiration in both the affected and normal lung.24 Younger infants are also more susceptible to fatigue of the diaphragm because of the smaller proportion of type I (slow twitch, high oxidative) muscle fibres.25
Previous studies have implicated "frostbite injury" from the topical slush used for myocardial preservation in bypass surgery as the cause of phrenic nerve injury"18 and this hypothesis was confirmed by experiments in dogs.2627 Several workers suggested that the use of various insulation pads reduced the incidence. 23 We, however, found that phrenic nerve damage was as common in non-bypass surgery in which neither cold cardioplegic solutions nor topical ice was used. There was also no association with the cooling temperature or duration of bypass, suggesting that other factors, for example direct or indirect surgical trauma, may be equally important.
Secondary procedures after previous thoracotomies can increase the incidence of phrenic nerve paralysis.56 The presence of fibrous adhesions and scarring from previous operation would obscure the anatomy of the pericardium and phrenic nerve and make them more liable to injury. We also found an association between phrenic nerve injury and previous operation but only when bypass cases were considered separately. The reason for this is unclear but it could be that a combination of more demanding bypass surgery and scarring from previous operations contributed to the higher risk. A closer examination of the data in references 5 and 6 bears this out because the association of phrenic nerve injury with previous thoracotomies was found only among patients who had open heart surgical procedures.
There was no obvious association between phrenic nerve injury and the age at operation, Phrenic nerve conduction studies can be easily performed at the bedside with the equipment and technique described above. Early and accurate detection of phrenic nerve injury is possible while the patient is ventilated, before clinical or radiological evidence of diaphragmatic dysfunction. Phrenic nerve injury is a common and important complication ofcardiac surgery in infants and children that increases morbidity and mortality. Early detection of injury identifies the infants who may require early diaphragmatic plication, thus preventing an unnecessary and prolonged course of ventilation and the associated complications.
